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Introduction
In the past few decades, the intermetallic compounds between transition metal elements and rare earth (RE) elements have been extensively researched due to their appealing magnetic, electronic, optical and thermal properties. Among Ni-RE systems, the Ni-Y system may be of particular interest for its extensive applications in magnetic, amorphous, catalytic materials and hydrogen storage materials. [1] [2] [3] [4] [5] [6] [7] The magnetic properties of Ni-Y compounds have attracted signicant attention and been discussed by M. Shimizu et al. 3 and J. Beille et al. 8 Ni 3 Y showed very low ferromagnetism while Ni 7 Y 2 demonstrated thermal spontaneous magnetization in their results. The thermodynamic stability of the Ni-Y system and Co-Ni-Y system have been researched by Z. M. Du et al. 9 ,10 who discussed Ni-Y binary and Co-Ni-Y ternary phase diagrams. Moreover, Al-Ni-Y and Mg-Ni-Y alloys, as amorphous materials, indicating great forming abilities of metallic glass and excellent mechanical properties, have been reported by X. Y. Jiang et al. 6 and Y. M. Soifer et al. 7 Moreover, Ni and Y have been used as component elements for catalytic materials. The order of catalytic efficiency toward the hydrogenation reaction was PtY < NiY < CoY < PtNiY < PtCoY in El-Bahy's research.
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Furthermore, Ni is a candidate device component which is used in thermoelectric (TE) devices due to its eminent electrical and thermal characteristics. 12 It is well known that nickel-based superalloy is a commonly used superalloy, which is widely used in manufacturing aerospace engines, industrial gas turbine blades and other hot end components. M. A. Shevchenko et al. 13 have researched thermodynamic properties of binary alloys including Ni-Sc and Ni-Y systems, they predicted the similar parameters of multicomponent systems and studied the amorphous tendency of alloys. S. Kardellass et al.
14 had been assessed the thermodynamically in Ni-Sc system using the CALPHAD approach. They calculated the Ni-Sc phase diagram using Kaptay model, which showed that the formation enthalpy of Ni-Sc compounds would be welcome to improve thermodynamic evaluation. The thermodynamic modeling of binary compounds, such as rare earth element Yb and transition element Ni, was studied using the CALPHAD method in combination with rst-principles calculations based on density functional theory (DFT) by Hu et al. 15 Although the density of state of Ni 3 Y, Ni 5 Y, and Ni 7 Y 2 have been calculated by M. Shimizu et al. 3 and thermodynamics of Ni-Y alloys have been researched by M. A. Shevchenko et al. 13 the electronic, mechanical and thermodynamics of Ni-Y alloys have not been systematically calculated in previous reports. In the present work, the formation enthalpy, electronic, mechanical and thermodynamic properties of the Ni-Y compounds are predicted from rst-principles calculations based on the density functional theory (DFT), to guide the experiments in the future.
Computational method and details
According to the Ni-Y binary phase diagram 16 in Fig. 1 In this paper, all the calculations including total energy, elastic properties, electronic structures and thermodynamic properties carried by using a rst-principles calculation based on the density functional theory (DTF), as implemented in the Cambridge Serial Total Energy Package (CASTEP) code. 17 To estimate the calculated, the generalized gradient approximation (GGA) in Perdew-Burke-Ernzerhof for surfaces and solids (PBEsol) is employed as the exchange-correlation function.
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Plane wave cutoff energy is chosen as 500 eV to convergence for all the calculations. The Brillouin zone (BZ) is performed by using the k-point meshes with 5 Â 5 Â 5 grids according to the Monkhorst-Pack method. To describe the electronic function, the ultra-so pseudopotentials (USPPs) 19 20, 21 indicate that the thermodynamically stability of compounds which can be estimated by the following expressions: 3. Result and discussion
Equilibrium lattice constants and phonon
The calculated crystal structures of the Ni-Y compounds are listed in Table 1 , which are compared with the experimental results from other references. The calculated phonon dispersion curves of Ni-Y compounds are shown in Fig. 3 . In these Ni-Y compounds, the long range of the Coulomb interactions should lead to the frequencies of longitudinal optical (LO) modes above those of transversal optical (TO) modes. The calculated phonon dispersion curves show no so modes at any high-symmetry dispersion, suggesting that those compounds are dynamic stable.
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Moreover, the phonon density of state for Ni-Y compounds are shown in Fig. 3 , which demonstrates the frequency vibrations are lower than 0.5 THz due to the motion of yttrium element.
Thermodynamic stability
The calculated lattice parameters, density, volume, and formation enthalpy of Ni-Y compounds are shown in Table 1 . As we know that the structural stability of a material is dominated by many factors that including the chemical bonding, structural type and localized hybridization. The stability of the Ni-Y compounds can be estimated by their formation enthalpies. What's more, the lower the enthalpy is, the more stable the material is. From Fig. 4 , the calculated formation enthalpy of According to the phonon properties calculated within Density-Functional Perturbation Theory (DFPT), the associated thermodynamic properties of Ni-Y systems can be got by the following formula. 24 The free energy of the system (F(T)) can be used following expression:
where E total , k B , h, and u represent the static total energy, the Boltzmann constant, the reduced Plank constant and the phonon frequency, respectively; E zero-point is the zero-point vibrational energy, which is expressed as:
where F(u) is the phonon density of states. Furthermore, the formation enthalpy depends on temperature, which can be calculated by the formation enthalpy at 0 K and phonon contribution to the formation enthalpy as follows:
Furthermore, the vibrational entropy and isochoric heat capacity can be calculated by: It can be clearly seen that the enthalpy and entropy increase with the increasing temperature, while the Gibbs free energy decreases in the Ni-Y system. In Fig. 5 , the thermodynamic stability of NiY 3 is increased with the S value becomes higher. The formation enthalpy increases linearly when the temperature is in the range from 200 K up to 1500 K. From Fig. 5 , we know that the heat capacity increases very rapidly when the temperature is below 500 K, and then approaches to a constant based on Dulong-Petit's law: 3nR, where n and R are the total number of atoms per formula and the gas constant, respectively. The heat capacity of Ni 3 Y and Ni 7 Y 2 is lower than other compounds in Ni-Y system. What's more, at low temperature, the specic heat capacity of Ni-Y compounds forms the following sequence: Ni 5 Y < Ni 7 Y 2 < Ni 3 Y < Ni 17 Y 2 < Ni 2 Y < NiY < Ni 2 Y 3 < NiY 3 .
In Fig. 5 , the Gibbs free energy is calculated by using the temperature-dependent formation enthalpy and entropy at 0 K. As we know that the lattice stability can be described by the Debye temperature. The higher the Debye temperature is, the stronger the lattice stability is. 25 The calculated Debye temperatures of Ni-Y compounds are shown in Fig. 5 , the similar trend can be seen for the Debye temperature of Ni-Y compounds except for Ni 2 Y 3 which increases with the varied temperature from 300 K to 1500 K. What's more, the Ni 17 Y 2 has the highest Debye temperature while NiY 3 has the smallest Debye temperature due to different crystal structure and stoichiometric.
Elastic constants and polycrystalline modulus
The elastic stiffness tensor elements C ij of the Ni-Y compounds are calculated via rst principle calculations with the stressstrain method based on the Hook's law. 26 These results are summarized in Table 2 . The elastic stiffness tensor is the fundamental mechanical property, which is very benecial to understand the mechanical properties of the Ni-Y phases.
The C 11 , C 22 , and C 33 of cubic Ni 2 Y are similar due to the symmetry of the crystal structure. direction. In Table 2 Tables 1 and 2 , NiY and NiY 3 are the orthorhombic types, which has 9 independent elastic stiffness tensor elements. Ni 2 Y has a cubic structure with 3 independent elastic stiffness tensor elements. Ni 7 Y 2 and Ni 3 Y are the rhombohedral structure, Ni 2 Y 3 is the tetragonal type with 6 independent elastic stiffness tensor elements. As for Ni 5 Y and Ni 17 Y 2 , there are 5 independent elastic stiffness tensor elements.
Based on these calculated elastic stiffness tensor of Ni-Y compounds and according to the mechanical stability criteria.
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The formulas of elastic moduli and mechanical stability criteria for the considered crystal systems are introduced. The condition C 12 < B < C 11 is used in order to study the hardness of a material. The elastic constants obey the mechanical stability conditions based on the Born Standard 28 for a different structure.
The bulk modulus and shear modulus of Ni-Y compounds are computed according to the Voigt-Reuss-Hill (VRH) approximation.
29 Therefore, Young's modulus and Poisson's ratios are obtained by the relationships between bulk modulus and shear modulus.
The results of B, G, E and n of Ni-Y compounds are listed in Table 3 . What's more, from Fig. 6(a) , with the Y concentration increasing, the trend of shear modulus of Ni-Y compounds is similar to Young's modulus and Bulk modulus. The calculated Table 2 . The mechanical stability of a crystal implies that the strain energy must be positive, then the determinants of the matrices of the principal minors of C ij matrix should be all positive. 34 We can analyze the mechanical stability of those compounds in Table 3 . The B/G value of all Ni-Y compounds being larger than 1.75 indicates the ductility of these phases. Among them, Ni 2 Y 3 bears the largest B/G value of 3.48, revealing the excellent ductility of this compounds. While the B/G value of others compounds is bigger than 1.75, but no more than 3. Most of the Ni-Y compounds have a high bulk modulus, indicating that they are not easy to be compressed. What's more, the calculated Poisson's ratio of Ni-Y compounds is close to 0.3, suggesting they have stronger metallic bonding. We all know that the value of the bulk modulus is not only related to the atomic radius, but also to the crystal structure.
The anisotropy of Ni-Y compounds can be described through the universal anisotropic index (A U ) and percent anisotropic index (A B and A G ) according to following formula: 
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where B V , B R , G V and G R represent the bulk modulus and share modulus estimation within Voigt and Reuss approximations, respectively. The value of the anisotropy index is close to zero, and the greater the deviation from zero indicates the more anisotropy of the material. The results are listed in 
For monoclinic structure:
For orthorhombic structure:
Eqn (14) can be applied in the tetragonal and cubic structure. Where S ij is the usual elastic compliance constant, which is obtained from the inverse of the matrix of the elastic constants, and l 1 , l 2 , l 3 are the direction cosines. The result surface contours of Young's modulus for Ni-Y compounds are illustrated in Fig. 7 . We can see that Young's modulus of Ni-Y compounds have different surface construction due to they have a different crystal structure, the shape of planar contours and size of Ni-Y compounds are also different. The 3D directional dependence of a solid with a spherical shape suggests isotropic. While the deviation degree of spherical shape has a certain response to the degree of anisotropy, and more deviation means more elastic anisotropy. The strong anisotropy of Young's modulus for Ni-Y compounds are shown by deviating from the normal ellipse at (001) and (110) plane. We can see that all compounds possess anisotropy from Fig. 7 . It is obvious that the planar contours of the Ni 5 Y have the maximum Young's modulus along the axes on (001) and (110) plane. NiY and Ni 2 Y have the same planar contours on (001) and (110) plane while the value is different. In addition, the theoretical hardness of Ni-Y compounds can be calculated according to the semiempirical hard model.
where k represents the B/G ratio and G is the shear modulus.
The results Ni-Y compounds are shown in Table 3 . The hardness of Ni-Y compound gradually decreases with the increase of Y element concentration except for the Ni 2 Y 3 and NiY 3 . The Ni 5 Y has the largest hardness as 6.89 GPa while Ni 2 Y 3 has the smallest value with 0.21 GPa due to different atomic constitute and disparate crystal types. The similar phenomenon can be observed between shear modulus and bulk modulus in those compounds. From the above discussion, we can get a result that these compounds are not potential superhard materials.
Electronic structure
To our knowledge, a density of states can be used as a visual result of band structure. A lot of analysis has common ground with energy band analysis, and many terms of density of states are interlinked with band analysis. It's much broader in the outcome discussion than the band analysis because it's more intuitive. Electron charge density shows the bonding nature of Table 4 Population analysis of Ni-Y compounds, the calculated average bond length ( L(AB) (Å)) and the mean bond population ( n(AB) (e)) are shown In Fig. 8 , the low-energy part of the DOS consists mainly of N Ni (3) and the high-energy part consists of N Y (3). Because of the 3d-4d hybridization, it is not zero even in the high-energy region. These facts are seen in the calculated DOS by M. Shimizu et al. 3 Obviously, the bandwidth of Ni 5 Y is the range from À8 up to 12, which is larger than that of other Ni-Y compounds. These results are attributed to the overlap of the wave functions between the Y atoms increases. It is clear that Ni-Y compounds are the metallic character due to the nite value of the DOS at Fermi level (E F ). According to the lower the N(E F ) is, the better the stability of the DOS at the Fermi level. 37 The value of Ni 2 Y 3 near Fermi energy level is higher than other compounds, indicating that Ni 2 Y 3 is less stable, which accords with analysis on the formation enthalpy in Fig. 4 . What's more, the different concentration of Y affects the localized hybridization and chemical bonding between Ni atoms and Y atoms. To further gain some insight into the correlation between the mechanical properties and chemical bonding, Fig. 9 shows the contours of electron density difference of Ni-Y compounds. The blue region represents the accumulation of electronic charge. The red region is consistent with the depletion of electronic charge. It further indicates that Ni-Y metallic bonds are observed in these compounds, which accords with analysis on the TDOS and PDOS in Fig. 8 . For Ni-Y compounds, the depletion of electronic charge is obvious between Ni-Ni and Y-Y, while is weaker among Ni atoms and Y atoms. All of the valence electron density show symmetry except for the NiY and Ni 2 Y. The strong electron delocalization occurs in the Ni-Y lattice, and the electron is distributed through the matrix map, indicating the metal bond interaction between the metal atoms.
What's more, some quantitative information for the transferred charge of the Ni-Y compounds are shown in Table 4 . The bond length and the population value of the chemical bond are calculated, according to following equation, 38 we can get the average bond length and the average bond population.
where L(AB) and n(AB) express the average bond length and the mean bond population, respectively. In the cell, N i is the total number of i bond and L i is the bond length of i type. From the Table 4 and Fig. 10(a) , the positive charges carried by Ni atoms vary from 0.01 to 0.36 electrons, while the negative charges is from À0.01 to À0.11 electrons. But for Y atoms, the positive charges is in the range 0.01 to 0.1 electrons, and the negative charges are in the range À0.01 to À0.75 electrons. In Fig. 10(b) , we can know that the value of an average length of Ni-Y is about 2.9Å, so their ionicity is roughly the same. However, the ionicity of Ni 2 Y 3 is slightly stronger than the other compounds, while the shortest Ni-Y is Ni 5 Y, as 2.87Å, the similar trend can be obtained from Fig. 7 . From Fig. 10(b) , it is clear that the Ni-Ni bonding is shorter than the Ni-Y bonding. As everyone knows the bond population is proportional to the strength of the bonding. The bond population of Ni 7 Y 2 is larger than the other compounds in Ni-Y alloys. So, it is the stronger chemical bonding. From Table 4 , Ni 7 Y 2 and Ni 3 Y have not only the Ni-Y strong metallic character but also the covalent as the bond population is greater than 0.35.
Conclusion
In summary, the stability, elastic properties, mechanical properties and electronic structures of the Ni 17 
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